Abstract-Stacking III-V p-n junctions on top of waferbased silicon solar cells is a promising way to go beyond the silicon single-junction efficiency limit. In this study, triplejunction GaInP/Al x Ga 1 −x As//Si solar cells were fabricated using surface-activated direct wafer bonding. Metal-organic-vaporphase-epitaxy-grown GaInP/Al x Ga 1 −x As top cells are bonded at low temperature to independently prepared wafer-based silicon cells. n-Si//n-GaAs interfaces were investigated and achieved bulklike bond strength, high transparency, and conductivity homogeneously over 4-inch wafer area. We used transfer-matrix optical modeling to identify the best design options to reach currentmatched two-terminal devices with different mid-cell bandgaps (1.42, 1.47, and 1.52 eV). Solar cells were fabricated accordingly and calibrated under AM1.5g 1-sun conditions. An improved Si back-side passivation process is presented, leading to a current density of 12.4 mA/cm 2 (AM1.5g), measured for a flat Si cell below GaAs. The best 4 cm 2 GaInP/GaAs//Si triple-junction cell reaches 30.2% 1-sun efficiency.
I. INTRODUCTION

I
MPROVING power conversion efficiency has been driving research for years, since it has a major impact on electricity generation cost. Monocrystalline silicon, the dominant technology on the photovoltaic (PV) market, benefits from a well-established industry. However, with the present record power conversion efficiency of 26.3% [1] , there is very little room for Si cell improvement. On the other hand, much higher efficiencies have been achieved through the reduction of transmission and thermalization losses by stacking III-V p-n diodes: record efficiency values of 38.8% for 1-sun/fivejunctions and 46.0% for 508-suns/four-junctions have been reported [2] . Thus, a hybrid device combining the advantages of III-V multijunction solar cells with the benefits of Si, the most widespread PV material, offers great opportunities. Indeed, realistic conversion efficiencies beyond 35% under 1-sun AM1.5g conditions can be expected for a triple junction (3J) made of GaInP/AlGaAs/Si, with few micrometers of III-V material on top of silicon [3] , [4] . However, the issues associated with III-V epitaxial growth on silicon are significant [5] .
1) The high thermal expansion coefficient mismatch leads to strain and may result in cracks and bowing. 2) The large lattice mismatch between Si and GaAs (∼4%) creates dislocations and, thus, recombination centers.
3) The transition between nonpolar Si and polar III-V crystals induces antiphase domains. Although the understanding and control of latticemismatched heteroepitaxy has improved over the past years [6] - [10] , III-V growth on Si remains challenging. Another attractive approach to overcome heteroepitaxy issues consists in joining independently processed Si and III-V solar cells by bonding/gluing techniques. Such solar cells can be combined either in n-terminal configuration (n > 2) by using transparent and insulating mediums to optically couple the subcells [11] - [13] or in series connection (two-terminal) [14] - [16] .
In this study, we focus on a two-terminal configuration, which corresponds to the silicon module manufacturing standard and thus would be the best option for implementing silicon waferbased tandem cells into existing PV module technology. For the realization of two-terminal GaInP/Al x Ga 1−x As//Si 3J solar cells, we use surface-activated wafer bonding as well as an alternative technique, the EVG580 ComBond, which enable stable monolithic stacks and preserved crystal quality in each junction. In this work, we present process improvements leading to transparent-conductive void-free bonds over the full 4-inch wafer area. We use transfer-matrix optical modeling to define current-matched stacks with the constraint of a flat III-V//Si bond interface. 4 cm 2 bonded GaInP/Al x Ga 1−x As//Si devices are fabricated and characterized by external quantum efficiency (EQE) and calibrated 1-sun AM1.5g I-V measurements. Finally, an improved silicon back-side passivation process is presented, which allows keeping high EQE in the silicon bottom cell and reach high efficiency.
II. CELL FABRICATION AND DESIGN
An overview of the fabrication process of our wafer-bonded GaInP/Al x Ga 1−x As//Si 3J cells is presented in Fig. 1: 1) The Ga 0.51 In 0.49 P/Al x Ga 1−x As top tandem cells were grown lattice matched with inverted layer direction on 4-inch GaAs substrates using metal-organic vapor phase epitaxy [8] . The silicon bottom cells were prepared independently by implanting phosphorous atoms in p-type float-zone (FZ) c-Si wafers (2 Ω·cm, 280 μm) followed by a high-temperature annealing step in an inert atmosphere. 2) GaAs and Si wafers were then loaded on top and bottom facing electrodes into a 1 × 4" Ayumi SAB200 bond chamber. After reaching a base pressure <3 × 10 −8 mbar, the Si and GaAs wafer surfaces were exposed to an argon fast atom beam at a substrate temperature of 120°C [17] . Effective surface deoxidization was achieved with Ar atoms (kinetic energy 0.3-0.4 keV). The wafers were then brought in contact with a force of 10 kN for a few minutes. For one sample, the novel EVG580 ComBond cluster tool was used with similar process conditions as above. This tool allows for surface oxide removal and reoxidation prevention by operating under high vacuum ambient (∼10 −8 mbar) and provides a significantly higher throughput: up to 20 wafer pairs per hour, thanks to fully automated load-lock and cassette-to-cassette handling.
3) The GaAs growth substrate is then etched away (in H 2 O 2 + NH 4 OH solution) and the few-micrometers-thick GaInP/Al x Ga 1−x As top cells remain on the silicon bottom p-n diode. After this etching step, the silicon rear side was passivated using an Al 2 O 3 /SiN x stack, followed by Al evaporation and local rear contacts formation using the laser-fired contact process [18] . Finally, front metal contacts (shading of approximately 3%) are deposited as well as Ta 2 O 5 /MgF 2 double-layer antireflection coating (resulting in 5% average reflectance for 450-1000-nm wavelength range), and mesa etching (trenches down to ∼5 μm inside Si) is performed to isolate individual cells. To achieve good bond mechanical quality, it is mandatory to bring together nearly perfect surfaces with low roughness ( 1 nm) and low particle contamination. Consequently, for the III-V layers, a postdeposition chemical mechanical polishing step was carried out externally at the company III-V Reclaim, prior to bonding. For the silicon bottom cell, the wafer specification easily fulfills the low-roughness requirements, but process steps for emitter formation needed to be carefully reviewed to prevent airborne/solutionborne particle contamination. Indeed, few-micrometers-size particles can induce macroscopic unbonded areas. Thus, the number of process/handling steps for Si prior to bonding was minimized.
As shown in Fig. 2(a) , the number of particles found on c-Si by optical surface analysis (Candela CS20 measurement, calibrated on a flat surface with microspheres) is only marginally increased [see Fig. 2(b) ] after the process steps for bottom cell emitter formation (phosphorus implantation and annealing). Additionally, a prebonding megasonic cleaning step was performed on both wafer surfaces to further reduce the particle density. With this process flow, nearly void-free bonds over the full 4-inch wafer area are obtained, as visible in Fig. 2(c) with scanning acoustic microscope image of GaAs//Si pairs and in Fig. 2(d) with the GaInP/GaAs//Si infrared transmission image.
Bulk-like bond strength was measured by the Maszara crack opening method for this type of bonds, thus confirming excellent mechanical properties. At the atomic scale, a ∼2-3-nm-thin amorphous layer, created by ion bombardment before bonding, is detected in cross-sectional transmission electron microscopic images, as previously published in [19] . Notwithstanding this intermediate layer, very low specific resistance and ohmic characteristics are achieved for n-Si//n-GaAs [17] . In the GaInP/Al x Ga 1−x As//Si 3J two-terminal configuration, subcell series connection requires current matching of all junctions to get the highest possible efficiency. We have thus used transfer-matrix optical modeling to design 3J cells current matched at a 1-sun current density of 12.5 mA/cm 2 (AM1.5g). This is a realistic target value for a 280-μm planar Si bottom cell below GaAs or AlGaAs.
The optical model includes double-layer magnesium fluoride and tantalum oxide antireflection coating as well as tunnel diodes and a 50-nm GaAs bond layer between the middle and bottom cells (bond layer parasitic absorption <0.2 mA/cm 2 ). Fig. 3 represents the simulated EQE of three devices having the same GaInP top-(500 nm-1.9 eV) and Si bottom cell but with bandgap and thickness variation for the middle Al x Ga 1−x As cell: 1) 940 nm of pure GaAs (E g = 1.42 eV); 2) 1400 nm of Al 0.035 Ga 0.965 As (E g = 1.47 eV); and 3) 2800 nm of Al 0.075 Ga 0.925 As (E g = 1.52 eV). Note that the top cells are designed semitransparent to match the target current density. Those results provide design guidelines to reach 12.5 mA/cm 2 in a GaInP/Al x Ga 1−x As//Si 3J device. The highbandgap middle cell offers the highest overall efficiency potential (higher V oc ); however, the corresponding thicker absorber requires higher minority carrier diffusion length, which is more challenging; nevertheless, promising results for AlGaAs single-junction solar cells with up to 20% Al were published recently [20] .
III. DEVICE CHARACTERIZATION
Based on those modeling results, two types of waferbonded 3J devices were first fabricated: one with 3.5% Al in the middle cell (E g = 1.47 eV) and the second with 7.5% Al (E g = 1.52 eV). The final 4 cm 2 devices were measured under spectrally matched 1-sun AM1.5g conditions [21] using a shadow mask of the same aperture as the cell to suppress potential contributions from the silicon wafer outside the cell area. Note that all measurements presented here are based on the full aperture area of the mask opening and, therefore, include shading by the busbar and the metal fingers. The two cell I-V curves are shown in Fig. 4(a) , with the corresponding device parameters listed in the table below.
One can see that the device with 3.5% Al subcell reaches a performance of 26.2% efficiency, with V oc = 2.902 V, J sc = 10.0 mA/cm 2 , and FF = 89.8%, whereas the device with 7.5% Al shows only 24.7% efficiency, with V oc = 2.929 V, J sc = 10.1 mA/cm 2 , and FF = 83.1%. Since both devices have a similar GaInP top-and Si bottom cell, we can assume that the voltage difference originates mainly from the Al x Ga 1−x As middle cell. Consequently, the difference in the bandgap-voltage offset, W oc [22] , between the 7.5% Al and the 3.5% Al devices, W oc (Al 0.075 Ga 0.925 As) -W oc (Al 0.035 Ga 0.965 As), is about 23 mV (calculated from the bandgap-corrected V oc difference of 3J cells), thus suggesting a lower material quality in Al 0.075 Ga 0.925 As. The experimental EQE gives further information about the subcells, as shown in Fig. 4(b) : the 3.5% Al device suffers from significant current mismatch: top and middle cells generate, respectively, 11.8 and 12.0 mA/cm 2 , whereas only 10 mA/cm 2 are generated in the bottom Si cell (see the dashed curve). This leads to a boost in the measured fill factor (89.8%), as explained in [23] . For the 7.5% Al device, the middle cell shows a low EQE and the overall current is limited by this Al 0.075 Ga 0.925 As subcell. In addition, both devices show a relatively poor Si EQE in the long-wavelength range, suggesting a need for better and more stable Si back-side passivation processes. Therefore, both devices do not reach the potential of the technology.
IV. IMPROVEMENT IN SI BOTTOM CELL
Increasing the current of the Si bottom cell is key for achieving high-performance GaInP/Al x Ga 1−x As//Si solar cell devices. Indeed, the 1-sun current density of the silicon bottom subcell is often limiting the overall current density to ∼10 mA/cm 2 [15] , [16] . Significant losses are attributed to a high recombination velocity at the rear surface of the silicon cell. Thus, we have reviewed our III-V//Si process flow in order to identify the deleterious steps for Si passivation.
We have investigated the impact of GaAs substrate removal (chemical etching), performed after bonding the Si to GaInP/Al x Ga 1−x As top cells and before the deposition of AlO x /SiN x passivation layers on the Si back side. The effect of this chemical GaAs substrate etching step on the effective lifetime in silicon was studied by quasi-steady-state photoconductance (QSSPC) technique, using double-side symmetrically passivated (AlO x /SiN x ) p-type FZ-Si wafers [see the inset in Fig. 5(a) ]. Three different experimental routes were tested. 1) As a reference, one Si wafer was passivated directly after an HF dip, with no exposure to III-V materials. 2) A second Si sample was exposed to the GaAs substrate etching solution of H 2 O 2 + NH 4 OH. This was used to simulate the same chemical solution as during solar cell processing. This sample, called Si Gen1, was passivated directly after the etching step. 3) Finally, the last sample, called Si Gen2, was additionally cleaned by HF after the H 2 O 2 + NH 4 OH solution. Those three sample effective lifetimes, measured at an injection level of 1E15 cm −3 , are displayed in Fig. 5(a) : The reference sample reaches 3.2 ms, the Si Gen1 lifetime drops to 0.55 ms, and the Si Gen2 sample reaches almost 3.5 ms. From these results, it appears to be clear that the chemical solution used to remove the GaAs growth substrate drastically reduces the passivation quality, but an additional HF dip performed after this GaAs substrate etching and before deposition of the passivation layers is enough to recover the same lifetime level than the reference sample. This can be explained by the formation of an oxide layer at the silicon back side during the silicon solar cell preprocessing as well as the GaAs chemical etching step; the oxide layer can be removed without impacting the sample lifetime if a clean HF dip is performed before passivation.
The Si Gen1 passivation route was the one used for the GaInP/AlGaAs//Si cells presented in Fig. 4 . The impact of the Si Gen2 treatment was tested on a new 3J solar cell using the same GaInP/Al 0.075 Ga 0.925 As top cells. The comparison of Si bottom cell EQE with the new processing route is shown in Fig. 5(b) : the additional HF cleaning step results in a higher EQE over the whole wavelength range between 850 and 1150 nm. Whereas the Si Gen1 bottom cell AM1.5g integrated current density was 11.0 mA/cm 2 , the improved passivation results in 12.6 mA/cm 2 , which is even above the value of 12.5 mA/cm 2 calculated in the modeling of Section II. Indeed, despite an EQE experimentally slightly lower than expected in the 900-1000-nm region, the near-bandgap EQE is higher than the simulation; this is the evidence of light trapping from the unpolished ("etched") silicon back side. The transfer-matrix optical modeling does not simulate this effect; another formalism would be required. OPTOS, for instance, can efficiently simulate noncoherent light propagation and absorption in thick textured sheets [24] .
Finally, since it was challenging to grow high-quality AlGaAs cells, we switched to a pure GaAs middle cell. In fact, this is an attractive option since GaAs is less sensitive to impurities (such as oxygen), and high diffusion lengths can be more easily obtained; thus, higher W oc are expected. The voltage decrease between AlGaAs and GaAs cells is, therefore, smaller than their difference in bandgap. In addition, the lower bandgap of GaAs enables to generate the same current density with three times less material compared with Al 0.075 Ga 0.925 As. We have, therefore, fabricated a III-V//Si 3J solar cell using a 1.7-μm-thin GaInP/GaAs tandem cell structure bonded to a Gen2 Si bottom cell with improved Si passivation. The direct wafer bonding was performed in the EVG580 ComBond cluster. The EQE of the resulting device is shown in Fig. 6(a) . The semitransparent GaAs middle cell in combination with the better passivation of Si Gen2 results in a current density of 12.4 mA/cm 2 for the Si bottom cell. The GaAs cell thickness turns out to be slightly too thin and limits the overall device to a current density of 11.6 mA/cm 2 . The corresponding I-V characteristics, measured at the Fraunhofer ISE calibration laboratory, using an aperture mask of 3.963 cm 2 (busbar and metal finger shading included) are presented in Fig. 6(b) . The calibrated efficiency of our best GaInP/GaAs//Si solar cell device is 30.2% + / − 1.1%. This is the first time that a fully integrated monolithic solar cell based on silicon overcomes the single-junction Auger limit for Si solar cells of 29.4% [25] .
The open-circuit voltage of this device exceeds 3 V, thanks to a low GaAs W oc . However, the FF of only 83.0% is limited by a low shunt resistance in the GaAs cell. This can be seen by an increase of the measured current density close to J sc . Here, the GaAs middle cell operates in reverse bias and the low shunt resistance allows the current density to increase from 11.6 mA/cm 2 (determined from the EQE) to a measured value of 11.9 mA/cm 2 . Further improvements of the cell characteristics can be expected by increasing the parallel resistance of the GaAs subcell and adjusting the top cell thicknesses to reach better current matching. In addition, it should be possible to get more power out of the silicon bottom cell with advanced passivation and light-trapping features.
V. SUMMARY
We have shown here that surface-activated wafer bonding enables the monolithic integration of III-V layers on silicon. Highly transparent n-GaAs//n-Si bonds with good conductivity are achieved. Moreover, by optimizing the process flow, it was possible to reach fully bonded and nearly defect-free 4-inch Si//GaAs wafer pairs. Monolithic III-V//Si 3J solar cells with different middle cell Al content and thicknesses were simulated and fabricated. GaAs substrate etching was identified as having a negative impact on the rear-side passivation of the Si bottom cell. An additional HF dip enabled recovering a high passivation quality and thus improving the current generation of the silicon bottom cell to 12.6 mA/cm 2 below Al 0.075 Ga 0.925 As and 12.4 mA/cm 2 below GaAs. Our best 3J GaInP/GaAs//Si solar cell reaches 30.2% 1-sun AM1.5g efficiency with a 3.963 cm 2 aperture mask. This is a new record value for a monolithic twoterminal III-V//Si tandem solar cell. The path toward higher performances will be continued in the future by implementing a higher bandgap top and middle cells, improving material quality and enhancing absorption and passivation in the silicon bottom cell. With this, 1-sun efficiencies of 35% are realistically achievable.
